The link between higher procedure volume and better outcomes for surgical procedures is well established. We aimed to determine whether procedure volume affected inpatient mortality in patients undergoing transjugular intrahepatic portosystemic shunt (TIPS). An epidemiological analysis of an all-payer database recording hospitalizations during 2013 in the United States (Nationwide Readmissions Database) was performed. All patients 18 years old undergoing TIPS during a hospital admission (n 5 5529) without concurrent or prior liver transplantation were selected. All-cause inpatient mortality was assessed. Risk-adjusted mortality was assessed for hospitals categorized into quintiles based on annual TIPS volume (very low, 1-4/year; low, 5-9/year; medium, 10-19/year; high, 20-29/year; and very high, 30/year). TIPS were placed in all 5529 patients (mean age, 57 years [standard deviation, 6 10.9 years]; women, n 5 2071; men, n 5 3458). Mortality decreased with rising annual TIPS volume (13% for very low to 6% for very high volume hospitals; P < 0.01). Elective admissions were more common in hospitals with higher annual TIPS volume (20.3% for very low to 30.8% for very high; P < 0.01). On multivariate analysis, compared with hospitals performing 30 TIPS per year, only hospitals performing 1-4/year (adjusted odds ratio [aOR], 1.9; 95% confidence interval [CI], 1.21-3.01; P 5 0.01), 5-9/year (aOR, 2.0; 95% CI, 1.25-3.17; P < 0.01), and 10-19/ year (aOR, 1.9; 95% CI, 1.17-3.00; P 5 0.01) had higher inpatient mortality (20-29/year: aOR, 1.4; 95% CI, 0.84-2.84; P 5 0.19). The absolute difference between risk-adjusted mortality rate for very low volume and very high volume hospitals was 6.1% (13.9% versus 7.8%). TIPS volume of £ 20 TIPS/year, variceal bleeding, and nosocomial infections were independent risk factors for inpatient mortality in patients with both elective and emergent admissions. Conclusion: The risk of inpatient mortality is lower in hospitals performing 20 TIPS per year. Future research exploring preventable factors for higher mortality and benefits of patient transfer to higher volume centers is warranted. (HEPATOLOGY 2018;67:690-699) 
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T he association between hospitals with higher annual procedure volume and improved survival has been demonstrated for most major surgical procedures. (1) (2) (3) (4) Better patient outcomes at higher volume centers have also been reported for percutaneous cardiovascular interventions, such as coronary and valvular procedures, peripheral arterial interventions, and endovascular aortic repair (EVAR). (5) (6) (7) (8) (9) (10) Building on these findings, several studies have shown that increasing referral of elective EVAR cases to high-volume centers by a process known as regionalization leads to improved patient outcomes. (11) (12) (13) (14) However, such studies have not yet been expanded to percutaneous procedures in noncardiovascular patients, in whom interventional procedures can be complex, can be associated with an operator learning curve, and are performed in critically ill patients.
Transjugular intrahepatic portosystemic shunt (TIPS) placement for treating sequelae of portal hypertension requires a high degree of technical and clinical experience to achieve optimal patient outcomes. (15, 16) A recent study of the Nationwide Inpatient Sample (NIS) reported a reduction in inpatient mortality during admissions with TIPS placement from 12.5% in 2003 to 10.6% in 2012. (17) Studies have demonstrated that variation in inpatient mortality for patients with cirrhosis can be a result of hospital-level factors. (18) The annual hospital volume of admissions for patients with cirrhosis or esophageal variceal bleeding alone does not account for variations observed in inpatient mortality, although patients at high-volume hospitals with these conditions were more likely to undergo TIPS placement, suggesting that additional study on the influence of TIPS volume on inpatient outcomes is likely warranted. (18, 19) Given the known variations in mortality for patients with cirrhosis and relationship between annual procedure volume and inpatient mortality for image-guided procedures, we sought to identify preprocedure patient, hospital, and volume characteristics that may explain variations in mortality after TIPS procedures.
Methods

DATA SOURCE
The National Readmission Database (NRD) is a database developed by the Healthcare Cost and Utilization Project (HCUP) that includes all hospitalizations during 2013 in 21 geographically diverse states. (20) This all-payer (insured and uninsured) database contains data from approximately 14 million discharges, representing 49.1% of all hospitalizations in the United States. It records deidentified patient and hospital demographics, discharge diagnoses, inpatient procedures, length of stay, and discharge status. In addition, it includes 29 Elixhauser comorbidity measures that are assigned using the Agency for Healthcare Research and Quality (AHRQ) comorbidity software. (21) These measures identify coexisting medical conditions not directly related to the principal diagnosis and likely to have originated before the hospital stay. It also includes All Patient Refined Diagnosis Related Groups (APR-DRGs) severity measures assigned using software developed by 3M Health Information Systems to adjust for case-mix severity. The APR-DRG risk of mortality score has been validated as the most discriminative and predictive mortality risk score for patients with cirrhosis in the NIS, a smaller HCUP database (20% sample, 7.8 million annual discharges). (22) In contrast to the NIS, the NRD links all hospitalizations for each patient allowing analysis at a patient rather than discharge level and providing the ability to control for multiple hospitalizations with a TIPS procedure code for the same patient. To ensure generalizability, discharge weights were developed in the NRD to produce national estimates after the data were stratified by patient and hospital characteristics. National estimates were calculated by applying discharge weights before analysis.
The study was reviewed by the institutional review board as appropriate for exemption from institutional review board oversight because no protected health information was available in the data. (intra-abdominal venous shunt), and age 18 years. Because placement of multiple TIPS in a single patient is rare, patients with multiple ICD-9 codes of 39.1 (n 5 58) were excluded. Liver transplantation changes outcomes for patients with cirrhosis, therefore patients with ICD-9 procedure code 50.5* (liver transplantation) (n 5 87) or ICD-9 diagnosis code 996.82 (complications of liver transplantation) (n 5 39) in either the index or prior hospitalizations were excluded.
STUDY POPULATION
Patients were categorized by age, sex, insurance status, and etiology of liver disease (alcoholic liver disease, viral liver disease, nonalcoholic fatty liver disease, other). Severity of liver disease is an important predictor of mortality after TIPS, but the absence of laboratory data precluded assessment of validated instruments such as Child-Pugh or Model for EndStage Liver Disease (MELD) scores. Therefore, features of hepatic decompensation were controlled by using the presence or absence of ICD-9, Clinical Modification diagnosis and procedure codes for ascites or hydrothorax, hepatic encephalopathy, hepatorenal syndrome, spontaneous bacterial peritonitis, and variceal bleeding (Supporting Table 1 ). Comorbidities were assessed by the presence of 28 AHRQ comorbidity measures (comorbidity measure for liver disease was excluded from analysis) and APR-DRG risk of mortality (likelihood of dying: minor, moderate, major, extreme).
Index hospitalizations were categorized by mode of admission (elective versus emergent), length of stay and presence or absence of intensive care unit (ICU) admission. ICU admission was assessed using ICD-9 diagnosis codes of circulatory shock and a previously described classification of ICD-9 procedure codes typically found in ICU patients who have cirrhosis (Supporting Table 1) . (23) Hospitalizations were further characterized by the presence of medical diagnoses that can cause (or result from) prolonged or complicated hospitalizations (e.g., acute renal failure, infection, diabetes, coagulopathy, respiratory failure, electrolyte imbalance [hyponatremia, hypokalemia, acidosis], and substance abuse) (Supporting Table 1 ).
Hospitals covariates included ownership (government, nonfederal; private, nonprofit; private, investorowned), bed size (small, medium, large), teaching status (metropolitan teaching, metropolitan nonteaching, nonmetropolitan), and location by metropolitan size (metropolitan area with > 1 million residents, metropolitan area with <1 million residents, and micropolitan areas). Patients with ICD-9 procedure code 50.* (liver transplantation) during hospitalizations in the entire database were used to identify liver transplant hospitals.
The exposure of interest was annual TIPS procedural volume for each hospital. Patients were divided into categories of annual hospital TIPS volume with similar number of procedures in each category (assessed by visual estimation): very low (1-4/year, n 5 589), low (5-9/year, n 5 606), medium (10-19/ year, n 5 502), high (20-29/year, n 5 394), and very high (30/year, n 5 497). The primary outcome of interest was inpatient mortality.
STATISTICAL ANALYSIS
Descriptive statistics were obtained using Pearson's chi-square test for dichotomous or categorical variables and analysis of variance for continuous variables. Multivariate analysis was performed using generalized linear mixed model for logistic regression to correct within-hospital correlations. Based on clinical and statistical significance, factors associated with higher inpatient mortality were selected for multivariate analysis. Age was included despite nonsignificant P values based on conceptual hypotheses that it may have an impact on mortality when controlling for other predictors. Variceal bleeding, alcoholic versus nonalcoholic etiology of liver disease, infection, and diabetes were included given significant P values as well as prior studies showing an effect on mortality with inclusion of these variables. Hospital-level predictors were nonsignificant across bivariate and multivariate analyses and thus were excluded from the final multivariable regression. Pearson correlation test was used for testing multicollinearity between any of the two covariates in the multivariate model, and covariates with an r above 0.6 were considered to have high interactions. Transplant hospital status was highly correlated with hospital TIPS procedure volume (Pearson correlation, r 5 0.788), so only procedure volume was included in the final model. Adjusted mortality rates were calculated using average patient characteristics by backtransforming predicted mortality from the final model.
Due to significant differences in observed mortality rate between patients with elective and emergent admissions, two separate generalized linear mixed models were fit to these subcohorts. Considering the sample size of the two subcohorts, volume of TIPS was regrouped into two groups (1-19 TIPS/year and 20 TIPS/year), and patient income quartile by ZIP code was excluded from the models. Discrimination and goodness-of-fit statistics were calculated for each model. For our full model, there were 16 total variables (including dummy variables) with a c-statistic of 0.776; the models for elective admissions and emergent admissions have nine variables and c-statistics of 0.895 and 0.732, respectively. Our c-statistic was within the range reported for models investigating volume-outcome relationships for surgical procedures. (24, 25) All statistical tests were two-tailed, and a P value of 0.05 was considered statistically significant. Data management and analyses were performed using SAS version 9.4 (SAS, Cary, NC) and SPSS version 23.0 (IBM, Armonk, NY) software.
Results
Overall, 5529 adult patients underwent TIPS without prior or concurrent liver transplantation during the index admission. Inpatient mortality for this cohort was 10.5% (583/5529). There were 278/443 (63%) hospitals with 1-4 TIPS/year, 95/443 (21%) hospitals with 5-9 TIPS/year, 39/443 (9%) hospitals with 10-19 TIPS/year, 18/443 (4%) hospitals with 20-29 TIPS/ year, and 13/443 (3%) hospitals with 30 TIPS/year. Inpatient mortality, characteristics of patients, hospitalizations, and hospitals for each quintile are provided in Table 1 . Hospitals with 20 TIPS/year (7% of hospitals) and the lowest inpatient mortality were exclusively metropolitan teaching hospitals.
On univariate analysis, lower TIPS volume, increased patient age, nonelective admission, primary payer of Medicaid or self-pay, alcoholic etiology of liver disease (versus nonalcoholic, viral, other), median household income quartiles for patient's ZIP code, variceal bleeding, diabetes, and infection were associated with inpatient mortality (Supporting Table 2 ).
Multivariate analysis revealed that increasing age, variceal bleeding, and/or infection during the admission, chronic conditions of coagulopathy and renal failure, higher income quartiles for patient ZIP code, and three lower annual hospital procedure volume groups were independently associated with higher odds of mortality (Table 2) . Compared with hospitals performing 30 TIPS per year, only hospitals performing 1-4/ year (adjusted odds ratio [aOR], 1.9; 95% confidence interval [CI], 1.21-3.01; P 5 0.01), 5-9/year (aOR, 2.0; 95% CI, 1.25-3.17; P < 0.01) and 10-19/year (aOR, 1.9; 95% CI, 1.17-3.00; P 5 0.01) had higher odds of inpatient mortality (20-29/year: aOR, 1.4; 95% CI, 0.84-2.84; P 5 0.19]). Similarly, the adjusted mortality rate of the lowest quintile hospitals was nearly twice the adjusted mortality rate for the highest quintile (13.9% versus 7.8%) (Fig. 1) . Differentiating patients with an elective versus emergent mode of admission, the unadjusted inpatient mortality rate decreased with increasing annual TIPS volume for both types of admissions. For elective admissions, the unadjusted mortality rate for the lowest quintile of annual TIPS volume (1-4 TIPS/year; 7.9%) was 2.7 times the mortality rate for the highest quintile of TIPS volume (30 TIPS/year; 3.1) (Fig. 2) . For emergent admissions, the unadjusted mortality rate for the lowest quintile (14.2%) was 1.9 times the mortality rate for the highest quintile (7.5%) (Fig. 3) . No significant interaction was noted between annual TIPS volume and mode of admission (Tier 1*mode, P 5 0.379; Tier 2*mode, P 5 0.774; Tier 3*mode, P 5 0.498; tier 4*mode, P 5 0.181).
A multivariate model to analyze patients with elective admissions found that variceal bleeding and infection during the index admission and coagulopathy were independently associated with higher odds of inpatient mortality (Supporting Table 3 ). Adjusted odds for mortality in hospitals with 1-19 TIPS per year was significantly higher than those for 20 TIPS per year (aOR, 2.5; P 5 0.04). Similarly, multivariate analysis of patients with emergent admissions revealed an increase in age, variceal bleeding, and infection during the index admission, and coagulopathy and renal failure as comorbidities were independently associated with higher odds of inpatient mortality (Supporting Table 4 ). The adjusted odds for mortality in hospitals with 1-19 TIPS per year was also significantly higher than those for 20 TIPS per year (aOR, 1.5; P 5 0.01).
Discussion
In this national study of TIPS procedures, highervolume hospitals had fewer deaths during the index admission. The absolute difference in adjusted mortality rates between very low and very high volume hospitals was large (6.1%) compared with similar results for open surgical procedures (0.2%-12.5%).
(1) Specifically, 20 TIPS/year represented an annual threshold beyond which inpatient mortality was better for both emergent and elective procedures. Hospitals with 20 TIPS/ year were exclusively metropolitan teaching hospitals but accounted for only 38% of all TIPS procedures. Finally, in addition to annual TIPS volume, inpatient mortality was higher for patients with variceal bleeding, nosocomial infections, and coagulopathy, independent of other factors.
Two main hypotheses attempt to explain the volume-outcome relationship for procedures. (26) The practice-makes-perfect hypothesis posits that physicians and hospital personnel, who see more patients, develop better skills resulting in better outcomes. The selective-referral hypothesis states that hospitals and/or physicians with better outcomes attract more patients.
In addition, studies in the surgical literature have identified several procedure-specific causes for the volumeoutcome relationship. These include annual operator volume (e.g., in percutaneous cardiovascular procedures), complication rates, and failure to rescue from complications.
The selective-referral hypothesis appears to explain some of the findings in this study. Hospitals performing 20 TIPS/year were exclusively metropolitan teaching hospitals, and more than 80% of hospitals in the top two quintiles performed liver transplantation. Therefore, it is plausible that patients benefitting from better outcomes at high-volume hospitals had end-stage liver disease requiring referral to these liver transplantation centers for management. Patients undergoing liver transplantation during the index admission were excluded from analysis; therefore, the lower inpatient mortality was likely related to a combination of better patient selection, more experienced operators, and improved peri-and postprocedural care rather than liver transplantation performed to rescue patients with poor outcomes after TIPS. This is also supported by the lack of statistical significance of APR-DRG risk of mortality, the most discriminative and predictive mortality risk score in patients with cirrhosis, for inclusion in our multivariate model. Of the significant risk factors revealed by the multivariate model, variceal bleeding and coagulopathy are inherent to this population due to portal hypertension and liver dysfunction. However, the presence of nosocomial infections (e.g., pneumonia, clostridium difficile, urinary tract infection) as an independent risk factor for mortality may represent a modifiable risk factor for improving outcomes in these patients, distinct from annual TIPS volume.
The practice-makes-perfect hypothesis can also potentially apply to the TIPS procedure. Traditional fluoroscopic techniques for TIPS creation rely on blind transhepatic portal vein punctures guided by anatomic knowledge and operator experience. A small study revealed significant differences in procedure times between experience and inexperienced physicians. (27) Similarly, a study evaluating the use of intravascular ultrasound for TIPS creation found that direct visualization of the TIPS needle during transhepatic punctures reduced procedural time and intraprocedural complications; however, this effect was limited to inexperienced operators (<20 TIPS placed). (28) These findings may support the practice-makes-perfect hypothesis as it relates to technical success. However, specific details for TIPS procedures, such as operator identity and procedure time, were not available in the NRD; therefore, whether more operator experience results in better outcomes after TIPS is unknown.
Based on our results, it appears the selective-referral hypothesis best explains our findings. It appears that inpatient mortality was primarily driven by the decision-making of multidisciplinary teams (likely including hepatologists, surgeons, interventional radiologists, and intensivists) regarding patient selection, periprocedural care, and recognizing or rescuing from complications of care. These factors, as well as factors such as endoscopist skill and effective balloon tamponade, likely contribute to improved outcomes. Future work that either investigates the interplay between these factors or standardizes and disseminates best care practices will likely lead to improvement in the care for these patients.
The volume-outcome relationship that was observed in this study with a 20 TIPS/year threshold and risk factors for inpatient mortality persisted in a subanalysis investigating elective and emergent admissions.
Emergent admissions (which typically occur for variceal bleeding) were more common than elective admissions (which typically occur for ascites) across hospital quintiles, but hospitals in lower volume quintiles had a higher percentage of emergent admissions. Regionalization of elective TIPS procedures to higher volume centers has the potential to improve patient outcomes, similar to how this process has improved outcomes for elective EVAR. (13, 14) However, the benefit of transfers to higher volume TIPS centers for patients requiring emergent admissions is less clear. First, most patients with emergent admissions likely represent patients with variceal bleeding, for whom medical and endoscopic management represent first-line treatment. (29) Second, a volume-outcome analysis of all patients with esophageal variceal bleeding in the NIS between 1998 and 2005 did not show a survival benefit for treatment at a highvolume hospital. (19) Third, inpatient mortality (75%) and 6-week mortality (35%) for uncovered TIPS in the salvage setting is high, and despite the lack of robust data for covered TIPS, it may be unsafe to transfer the majority of these acutely sick patients. (30) However, recent guidelines have recommended the use of early covered TIPS placement (<72 hours after index variceal bleeding) in selected patients after successful endoscopic therapy. (31, 32) Given the high aOR of variceal bleeding as an indication for TIPS placement in patients with both elective and emergent admissions (Supporting Tables 3 and 4) , these patients represent a subset of patients currently undergoing TIPS at lowvolume hospitals who may derive benefit from a regionalization strategy, regardless of mode of admission as long as safe transfer can be arranged.
Our study design has several inherent limitations. First, the use of an administrative database subjects our findings to coding error and reduced specificity compared with clinical assessments with discriminative properties in TIPS patients (e.g., MELD score). Although the c-statistic for the predictive models developed in this analysis demonstrates good discriminative ability, it is still possible that unmeasured confounders (e.g., clinical or laboratory assessments) may affect the model. Second, although definitions for conditions such as variceal bleeding, infection, and ICU stays were derived from prior studies in similar cohorts, no validation studies comparing the accuracy of these definitions with medical record-level data exist. Third, specific patient-level data are not available nor accurately obtainable using ICD-9 codes (e.g., covered versus uncovered stent use, indication of TIPS [ascites, variceal bleeding, Budd-Chiari syndrome, etc.], total procedure time, post-TIPS clinical course). Finally, outcomes in this study were limited to in-patient mortality rather than postdischarge mortality. However, similar studies on other procedures have shown good correlation between inpatient and 30-day mortality and no difference in the volume-outcome relationship when either of these outcomes is used. (1, 33) In conclusion, hospitals performing more than 20 TIPS per year have lower inpatient mortality compared with hospitals with lower annual TIPS volume. Standardizing patient selection, periprocedural care, and a regionalization strategy for patients requiring elective TIPS may lead to improvement of outcomes at lowvolume hospitals.
